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A cylindrical shell structure 3.66 m (144 in.) high by 4.57 m 
(180 in.) diameter was designed using a wide variety of materials 
and structural concepts to withstand design ultimate combined 
loading of 1225.8 N / c m  (700 lb/in.) axial compression and 245.2 
N / c m  (140 lb/in.) torsion. The overall cylinder geometry and de- 
sign loading are representative of that expected on a high per- 
formance Space Tug vehicle. The relatively low design load level 
results in designs that use thin gage metals and fibrous-composite 
laminates. Fabrication and structural test of small panels and 
components representative of inany of the candidate designs served 
to demonstrate proposed fabrication techniques and t o  verify de- 
sign and analysis methods. Three of the designs evaluated, 
honeycomb sandwich with aluminum faceskins. honeycomb sandwich 
with graphite/epoxy faceskins, and aluminum truss with fiber- 
glass meteoroid protection layers were selected for further eval- 
uation. 
verified the structural integrity of these three candidate design 
concepts. 
weight in the range 2-59 t o  3.08 kg/m2 (0.53 to 0.63 lb/ft2). 

Successful compression and shear tests of larger panels 

These concep* result in overall cylinder structural 
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During Phase I of Contract NAS8-29979, Design, Fabrication, and 
Test of Lightweight Shell Structure, a cylindrical shell skirt 
structure 4.57 m (180 in.) in diameter and 3.66 m (144 in.) high 
was subjected to a design and analysis study using a wide variety 
of structural materials and concepts. 
N/cm (700 lb/in.) axial compression and 245.2 N/cm (140 lb/in.) 
torsion is representative of that expected on a typical Space Tug 
skirt section. Structural concepts evaluated included honeycomb 
sandwich, truss, isogrid, and skin/stringer/frame. The materials 
considered include a wide variety of structural metals as well as 
glass, graphite, and boron-reinforced composites. The most unique 
characteristic of the candidate designs is that they involve the 
use of very thin-gage material. Fabrication and structural test 
of small panels and components representative of many of the can- 
didate designs served t o  demonstrate proposed fabrication tech- 
niques and to verify design and analysis methods. Three of the 
designs evaluated, honeycomb sandwich with aluminum faceskins, 
honeycomb sandwich with grayhite/epoxy f aceskins , and aluminum 
truss with fiberglass meteoroid protection layers were selected for 
further evaluation. These concepts result in overall cylinder 
structural weight in the range 2.59 to 3.08 kg/m2 (0.53 to 0.63 
lb/ft2). 
thorough coverage was given in the Interim Report, MCR-74-92, March 
1974. 

The design loading of 1225.8 

Phase I work is only summarized in this report becduse a 

During Phase 11, Fabrication and Test, three structural components 
of each of the three selected structural concepts were fabricated. 
A development panel with appr7ximately 1.83 by 0.915 m ( 6  by 3 ft) 
overall dimensions was first fabricated for each structural con- 
cept. These panels served to verify fabrication techniques and 
were not subjected to structural test. Successful fabrication of 
the development panels was followed by fabrication of 1.83 by 0.915 
m ( 6  by 3 ft) compression panels that were subjected t o  axial com- 
pression test loading. A 0.915 by 0.915 m ( 3  by 3 ft) panel of 
ezch concept. was also fabricated and subjected to. pure shear test 
loading. In addition, the computer program used to predict the 
overall buckling of anisotropic cylinders under combined loading 
was modified to include cylinders with discrete stringers and frames 
and theoretical/experimental correlation factors. 

1-1 



11. 

A. 

B. 

MATERIAL PROPERTIES 

The material p r o p e r t i e s  used i n  t h e  design s tudy a r e  l i s t e d  i n  
Tables 11-1 and 11-2 with  r e fe rences  t o  the  d a t a  sources .  The 
materials considered included convent ional  materials such as 
aluminum and f i b e r g l a s s  a long  wi th  less  f r equen t ly  used materials 
such as beryl l ium and advanced f i b r o u s  composites. 
i t  was expected t h a t  t h e  materials with t h e  h ighes t  va lues  of 
s t i f f n e s s l d e n s i t y  would be t h e  most e f f i c i e n t  f o r  t h e  c y l i n d r i c a l  
s t r u c t u r e  being studied--provided the  s t r e n g t h s  were reasonable.  
However, t h e  u s e f u l  minimum gage of each material ,  as determined 
by a v a i l a b i l i t y ,  d i s c r e t e  'p ly  th i cknesses  of composites, manage- 
a b i l i t y ,  f a b r i c a b i l i t y ,  material q u a l i t y ,  and cost had t o  be 
considered i f  only i a q u a l i t a t i v e  way. Because material  thick-  
ness d i r e c t l y  a f f e c t s  weight,  minimum a v a i l a b l e  gages and p ly  
th i cknesses  could be a more important cons idera t ion  than the  
o t h e r  p r o p e r t i e s  f o r  a material with adequate s t r e n g t h  and s t i f f -  
ness. These p r o p e r t i e s  are, t h e r e f o r e ,  l i s t e d  i n  Tables  11-1 
and 11-2. 

I n  gene ra l ,  

I n  Table 11-1, t he  mechanical p r o p e r t i e s  taken from t h e  &rospucv 
Structural  MetaZs Hazdbook and the  MIL-HDBK-5B are B-'>asis values .  
The p r o p e r t i e s  f o r  boron/aluminum and beryl l ium/t i tanium are  
average p r o p e r t i e s .  Information on a v a i l a b l e  minimum gages w a s  
obtained d i r e c t l y  from vendors. Tn Table 11-2, the  va lues  come 
e i t h e r  from MIL-HDBK-17A o r  a r e  vendor d a t a  (or  o t h e r  average 
v a l u e s ) ,  modified t o  account fo r  the  th inness  of t h e  lamimates 
where they were t o  be appl ied.  Thin laminates  unavcidab1.y have 
higher  resja con ten t s  and gene ra l ly  seem t o  have lc . .er  s t r e n g t h s  
and s t i f f n e s s e s . 2 ' 3  
what pena l ty  must be appl ied t o  t h i c k  laminate d a t a  f o r  use with 
t h i n  laminates  and whether o r  no t  t h i s  pena l ty  can be reduced by 
innovat ive design and f a b r i c a t i o n  techniques.  

One goal  of t h i s  program is t o  Jeterrirle 

ULTRATLIN COMPOSITE MATERIALS STUDY 

A materiaL process development program was performed on u l t r a t h i n  
f ib rous  composite laminates .  Symmetric laminates embodying epoxy 
preimpregnated laye is  of  g r a p h i t e ,  bcron,  and g l a s s  f i b e r s  s i n g l y  
o r  i n  combination werc manufactured with a range of  thicknesses  
from O.lb5 t o  0.470 mm (0.0065 t o  0.018 i n . ) ,  r e s p e c t i v e l y .  The 
e f f e c t  of processing parameters on t h c  q u a l i t y  of t h e  laminates 



Tab le 11- 1 

28 
(40) 
32 
(47) 
35 
(51) 

69 
(100) 
63 
(91) 

-- 
109 t o  110 
(158 t o  160) 
118 t o  119 
(172 t o  173) 

8P 
(11.5) 
16 
(24) 

15 
(22) 

Materia2 Fzvp~rtiss, Metal lic Materials 

0.254 
(0.010) 
0.254 
(0.010) 
0.254 
(0.010) 

0.178 
(0.007) 
0.406 
(0.016) 

0.381 
(0.015) 
0.381 
(0.015) 
0.381 
(0.015) 
0.508 
(0.020) 
0.635 
(0.025) 

0.17s: 
(0 .uo I )  

Material  
nnd 
Alloy 
Aluminuma 

2014-T6 

7075-To 

7178-T6 

T i t a n i d  
6A1-4V 

BAL - 1Mo- 1 V  

Maraging 
Steelb 

200 

250 

300 

~ e r  y 1 1 iuma *t  

Lockalloyb 

Boron/ 
Aluminumf 

Beryllium/ 
Titaniumk 

Density. 
&cm3 
( l b l  in. ) 

2.80 
(0.101) 
2.80 
(0.101) 
2.82 
(0.102) 

4.43 
(0.160) 
4.37 
(0.158) 

8.00 
(0.289) 
8.03 
(0.290) 
8.03 
(0.290) 
1.85 
(0.067) 
2.09 
(0.0756) 

2.63 
(0.095) 

2.85 
(0.103) 

E l a s t i c  
Modulus, 
E, lo6 N/cm2 
(106 ps i )  

7.4 
(10.7) 
7.2 
(10.5) 
7 .2  
(10.5) 

11.3 
(16.4) 
12.4 
(18.0) 

18.1 
(26.2) 
19.6 t o  21.4 
(28.5 t o  31.0) 
19.3 t o  20.0 
(28.0 t o  29.0) 

29.3 
(42.5) 
20.0 
(29.0) 

22.98 (33.2) 
13.8h 
(20.1) 

21.5LI (31.2) 
18.0h 
(26.1) 

S h e a  
Modulus, 
C. 
lo6 N / a Z  
(106 p s i )  

2.8 
(4.0) 
2.7 
(3.9) 
2.7 
(3.9) 

4.3 
(6.2) 
4.6 
(6.7) 

7.Zd 
(10.4) 
7.5 t o  8 . ld  
(10.9 t o  11.8) 
7.4 t o  7.6d 
(10.7 t o  11.1) 

13.8 
(20.0) 
8.6 
(12.5) 

4 . 8  
( 7  .o) 

10.1 
(14.6) 

Poissor s 
Ratio,  
Y -- 
0.33 

0.33 

0.33 

0.31 

0.32 

0.264 

0.31 

0.31 

0.03 

0.30 

0.25 

0.17 

Compressive 
Yield 
Strength 
lo3 Nlcml 
(103 psi) 

165 t 171 
(239 t o  245) 
180 t o  186 
(261 t o  270) 

16 
(23) 
2 1  
(31) 

Shear 
Strength 
103 N/cmd 
(103 Dei) 

Minimum 
w r c i n l l y -  
Available 
Thickness, 

0.635 1 (0.025) 
41 
(60 )  

- Note: a "Metalli: Mater ia l s  and Elements f o r  Aerospace ' 
b Asrospaw S t ruc tura l  Metals Handbook. AFM-TR-68-115, Belfour Stulen.  Inc .  1973. 
C Berylco Lockal'oy Extrueiae.  

Computed from G = E/2(1 + v ) .  
e Assumed. 
f Cairo and Tarczvner: 

AFML-TR-72-232. December 1972. 
g Longitudinal. 

Transverse. 
U l t i m a t e  streng-h value. 

d c l e  Structures".  MIL-HDBK-5B, Septeaber- 1, 1971. 

Bul le t in  No. 2200, Bcrylco, Inc. 

lGraphite/ipo.q, Aoron-i;rapnite/Ep~xy Hybrid, -nd Boron/Alimkm &sign A l l m i d  l ea .  

j Cured ply th ickness .  
k V. L. Goodwin: BLr~l€im,/TiLmia7t Co'ompsite8. Brush Wellman. Inc., September 13, 1972. 
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as measured by the  su r face  roughness, void content  and d i s t r i b u -  
t i o n ,  r e s i n  conten t ,  and f i b e r  arrangement w a s  inves t iga ted .  
Nine s t y l e s  of laminates, as ‘shown i n  Table 11-3, were s tudied .  
Processing parameters included i n i t i a l  resin content ,  res in  remov- 
a l  techniques,  and cur ing  schedule. X t o t a l  of twelve 30.5 by 
35.6-cm (12 by 14-in.) panels  were made, d i s t r i b u t e d  among the 
n ine  laminate s t y l e s .  Various combinations of changes i n  process- 
ing parameters were made i n  the  th ree  dupl ica ted  s t y l e s  d i c t a t e d  
by our expec ta t ions  of t he  e f f e c t s .  Resin content  determinat ions 
were made on each panel and photomicrographs were taken of t h e  
cross-sect ions.  

The r e s i n  s y s t e m  t o  be used f o r  impregnating the  a l l  f i b e r g l a s s  
laminates w a s  SR-5706, which is the r e s i n  used i n  the  Narmco 
Rig id i t e  5208 s t y l e  of graphi te lepoxy prepregs.  The f i b e r g l a s s  
layers  on the  ou t s ide  of t he  o t h e r  laminates  were not  impregnated 
i n i t i a l l y .  Ins tead ,  we  wished t o  see whether bleed-through dur ing  
the i n i t i a l  s t ages  of cur ing would ca r ry  enough r e s i n  out of t h e  
pr imary material and i n t o  the  g l a s s  l aye r s .  I f  so, then, of 
course,  there  would be only one r e s i n  i n  any laminate.  The 
a t t e m p t  t o  use the  resin i n  the  middle layers of prepreg t o  vet 
the ou te r  l a y e r s  and thus ob ta in  high f i b e r  conten ts  w a s  on lv  par- 
t i a l l y  successfu l .  The technique worked f o r  HMl0-1, however, -he 
o the r  laminates i n  which it  was t r i e d  had resin-s tarved su r faces  
These laminates  were remade using prepregged g l a s s .  

When r e s i n  s y s t e m s  are mixed, a compromise cur ing  scheme may be  
required.  One such scheme, recommended by Narmco, is shown i n  
Fig. 11-1 along with the actual  cure  cycle  obtained on laminate 
B414-2. The vendor-rzcommended cure  cyc les  f o r  unmixed laminates  
of Narmco 5208, Hercules 3501, and Avco 5505 are shown i n  Fig. 
11-2, through 11-4, r e spec t ive ly ,  along with the  a c t u a l  cure cyc le s  
obtained f o r  represer i ta t ive s t y l e s  incorpora t ing  these  r e spec t ive  
s y s t e m s .  The des iyna t ion  2373 r e f e r s  t o  the  r e s i n  used i n  t h e  
Avco 5505 compositt s y s t e m .  A l l  laminae were a t  room temperature 
a t  t!LC t i m e  of l a y u p  and the re  were no debulking cycles .  Diagrams 
of the arrangement of the  bleed s y s t e m  used f o r  zach laminate are 
included on the comprehensive da t a  s h e e t s  r e fe r r ed  t o  below. 

c 

Table 11-4 l i s ts  a l l  1 2  laminates made i n  t h i s  s tudy with the  pre- 
preg and cured laminate thicknesses  and cons t i t uen t  conten ts .  It 
i s  apparent t h a t  es t imates  of t h i c k n e s s  r e s u l t i n g  from the  laminate 
o r i en ta t ions  being s tudied  must  be revised upward about 5 t o  10% 
and tha t  the minimum r e s i n  content  by volume f o r  good graphi te  and 
boron laminates  is  over 40% but can probably be held below 45%. 
The very th in  a l l - g l a s s  laminates probably requi re  higher  r e s i n  
crintents because they are woven, with no un id i r ec t iona l  l aye r s ,  
and weaving inherent ly  c r e a t e s  add i t iona l  spaces t h a t  must  be 
f i l l e d  by r e s in .  As expected, those remade s t y l e s  using prepregged 
r a the r  than dry g l a s s  had  s l i g h t l q  h i g h e r  average resin contents .  
The add i t iona l  r e s i n  required t o  make the  d i f€e rence  between a lami- 
na te  w i t h  a res in-s tarved sur face  appearance and one with a good, 
smooth, void-free sur face  is  only 1 t o  2%.  
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Table II-3 Ultrathin Composite Materials St&, Laminate Stytes - 
Style - 
EGO6 

- 
EGO8 - 
EGlO 

- 
HMlO 

- 
AS12 

- 
m4 

- 
B408 

- 
B4 10 

- 
B414 

- 

Primary Material 

Woven E-glass, S ty le  108/ 
SR-5 700 

Woven E-glass, S ty le  108/ 
SR-5 700 

Woven E-glass/SR-5 700 

Graphi te/Epoxy 
Type I/5208 (Narmco) 

Graphi te/Epoxy 
A/S-3501 (Hercules) 

Graphite/Epoxy 
Type I/5208 (Narmco) 

Boron/Epoxy 
5505/4 (Avco) 

Bo ron /Epo xy 
5505/4 (Avco) 

Boron /Epoxy 
5505/4 (Avco) 

Layer  Arrangement 

1 each a t  0", 90°, 0" 

1 each a t  O o ,  go", go', Oo 

1 of Style  104 a t  +45" 
1 of Style  181 
1 of Style  104 a t  +45" 

1 of 104 E-Glass  a t  0" 
1 a t  Oo,  2 at go", 1 a t  Oo 
1 of 104 E-Glass a t  0" 

1 of 104 E - G l a s s  a t  +45" 
1 of 104 E-Glass  at -45" 
8 mil at 0" 
1 of 104 E-Glass at -45" 
1 of 104 E-Glass at +45" 

1 of 104 E-Glass a t  +45' 
1 3f 104 E-Glass a t  -45" 
10 m i l  a t  0" 
1 of 104 E-Glass  a t  - 4 5 O  
1 of 104 E-Class at +45" 

- 

1 of 104 E-Glass  a t+45O 
1 of 104 E-Glass a t  0" 
1 a t  0" (including 104 scrim) 
1 of 104 E-Glass  a t  +45" 

~ ~ ~~ 

1 of 108 E - G l a s s  a t  +45" 
1 of 104 E-Glass at Oo 
1 a t  0" (including 104 scrim) 
1 of 108 E-Class a t  +45" 

~~ 

1 of 106 E - G l a s s  a t  4-45" 
2 a t  0" with 104 scrims on 

outs ide  (boron face-to- 
face) 

1 of 108 E - G l a s s  a t  4-45" 

Estimated 
Thickness, 
mm (in.) 

0.152 
(0.006) 

- 
0.203 
(0  -008) 

0.254 
(0.010) 

0.305 
(0.012) 

0.356 
(0.014) 

0.203 
(0 -008) 

0.254 
(0.010) 

0.356 
(0.014) 



F i g .  IT-1 Recomended and ActuaZ Cure  Q c k s  for M n a t e  B414-2 
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- NARMCO 5208 w- EG Q8 L 

I i  
240 

I b. 
(minutes) 

120 
TIME 

Fig. I f - 2  Recomnefided and Actxal Cure Q c l e s  fo r  Luntinnte EG-8-1 1 
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HERCULES 3501 specimen 12-2 
1. Full Vocwm. 
2. Heat k 350&S0F. 450f3.K. at 2.5fO.S.F. I.Sf0.3.K. pr minuta. 

5. Cool io 150°F. 339OU(, of Lower at 13f2OF. 7fI.K, per m W 8 .  

3. nmSn ot 225.F. 380%. Apply 85-100 pei, 59-69 W m .  
4. Cum at 350f5.F. 45033%. f# Otte Hour with Full Voc~rnr arrd 85- 

IOOpsi, 59-69 Nib#. 



AVCO 5505 (2373) Specimen 414 0 I 
I.  Full Vacuum 
2. Apply I 0 0  pJ, 69 Wcm2 

4. Cwe So-I20 minutes ai 3502 IOOF, 4 5 6 f 6 O K  
5 Cod under Preswra io I2S0F, 32S°K,or Less in b M i m h  of 40 rninuMs. 
TEMeERATuRE 

3. Hsat to 35Of IOOF, 45Of'6OK, a) 3-SoF 2-3OK, d ~ b .  

----- 
ACTUAL P'€SSUR"J 

PRESSURE 
Referred 
Limits 

- 
Full Vocuum ACTUAL VACUUM, 

240 

- 1 1 1 1 1 - 1 1 1 1 1 - - - 1 - 1 - - - - - - I - - - - - - - ~  

TIME I x )  (minutes) - 0  

Fig. I f - 4  Recomnsnded and Actual Cure Qcles for  L&nate 8414-1 
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T a b l e  11-4 Ultrathin Composite L d n a t e  Chatwcterhr.ltic?n 
Prepreg . Cured Lninate, Average Values 

Resin Thickness, Ccncr,l Fiber. X b s i n .  X Thickness, I ( m i l d  
Specimn Ut, X mu ( m i l s )  Vol Ut Vol Ut Target Actual Appearance 
Em-1 0.0635 t o  0.0762 0.152 0.165 
108 Gl... 46 (2.5 t o  3) 49.2 66.2 49.5 33.8 (6) (6.5) 

B410-2 
Boron 
108 Glass 
104 Glass 

8414-1 
Borov 
108 Glass 

B41L-2 
Boron 
108 Glass 

0.152 
0.256 42.5 (6) 32.4 42.2 

46 0*0635 t o  :;0762 ( 2 * 5  ’) ~ 24.2 30.7 43.4 27.2 (10) 40 0.0381 (1. 

42.5 (6) 46*6 58*4 ~ 36.8 21.8 (14) 0.356 0.152 

16.2 19.8 0 0.0508 (2)* 

0.356 0.152 
42 (6) 43*1 55’2 41.7 25.7 (14) 
49 0.0762 (3) 15.2 19.1 

(r.356 Fair  - 
Slight res in  
s tarvat  ion 

0.368 
(14.5) 

0.216 
(8.5) 

0.274 
(10.8) starved in 

glass  
layers 

I Tool s ide  

I good; bleed 
s ide s l ight-  I l v  starved 

0.274 
(10.8) 

I Slight 
res in  star- I vation in 

0.368 
(14.5) 

I Tu01 s ide 
good: bleed I side s l ight-  

0.376 
(14.8) 

*Thickness of dry cloth.  
t u l t r a th in  pregreg thickness of delivered material was considerably greater  than expected. 

I 

l y  starved 

__L_I 
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As s t a t e d  above, t h r e e  of t h e  lamina tes  t h a t  were made wi th  d r y  
f i b e r g l a s s  c l o t h  on t h e  s u r f a c e ,  AS12-1, B410-1, and B414-1, were 
remade us ing  prepregged f i b e r g l a s s .  Although a cons i ce rab le  im- 
provement i n  laminate q u a l i t y  was achieved wi th  t h i s  change, 
AS12-2 was s t i l l  s l i g h t l y  res in-s ta rved  on t h e  bleed-cloth s i d e .  
Laminate B410-2 d i f f e r e d  from B410-1 i n  two aspec t s .  The l a y e r  
of s t y l e  104 f i b e r g l a s s  w a s  prepregged rather than dry ,  and t h e  
layup assembly was turned over  (see Fig. 11-5). It was expected 
t h a t  t h i s  would p l ace  and keep more r e s i n  on t h e  t o o l  s i d e  of 
the  laminate,  which i t  d id .  The t c o l  s i d e  of 8410-2 w a s  excell- 
e n t ;  however, t he  bleed-cloth s i d e ,  although improved, was st i l l  
s l i g h t l y  res in-s ta rved .  

Laminate B414-2 d i f f e r e d  from B414-1 i n  t h r e e  aspec ts .  
108 g l a s s  c l o t h  used was prepregged i n s t e a d  of dry; only two p l i e s  
of 120 bleed-cloth were used i n s t e a d  of t h ree ;  and a l a y e r  of per- 
f o ra ted  Teflon was i n s e r t e d  between the  "pink" release bleed-cloth 
and the  unt rea ted  120 b leed-c lo th ,  i n  o r d e r  t o  reduce t h e  amount 
of r e s i n  removed. Again, t h e r e  was  cons iderable  improvement i n  
the appearance of t h e  laminate and apparent  distr!.bution of t h e  
r e s i n ,  bu t  t h e  bleed-cloth s i d e  still exh ib i t ed  s l i g h t  r e s i n  star- 
va t  ion. 

The s t y l e  

Photomicrographs were taken of samples c u t  from 11 of t h e  1 2  
laminates made as p a r t  of t h i s  study. (Laminate AS12-1 was too 
res in-s ta rved  t o  j u s t i f y  c h a r a c t e r i z a t i o n ) .  The most p e r t i n e n t  
photomicrographs along wi th  a p p r o p r i a t e  information on t h e  lamina 
arrangement, r e s i n  e x t r a c t i o n  system, sample l o c a t i o n ,  and con- 
s t i t u e n t  propor t ions  were presented and d iscussed  i n  the  In t e r im  
Phase I Report. 1 

Down 
UP 

B410-1 B410-2 

O0 

F i g .  II-5 
Comparison of Lamina Arrangements for L&nate Styles B410-1 and B410-2 
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The high mass f r a c t i o n  required f o r  the  Space Tug system makes 
i t  necessary t o  minimize s t r u c t u r a l  weight while  maintaining rea- 
sonable  design gu ide l ines  concerning cos t ,  f a b r i c a b i l i t y ,  rel i-  
a b i l i t y  etc. The design and a n a l y s i s  s tudy conducted during 
Phase I considered a wide v a r i e t y  of s t r u c t u r a l  concepts  and 
materials i n  the des ign  of a l igh tweight  c y l i n d r i c a l  s h e l l  s t ruc -  
t u r e  3.66 m (144 i n . )  high and 4 .57  m (180 i n . )  i n  diameter.  The 
desigtl u l t imate  loading w a s  1225.8 N/cm (700 l b / i n . )  a x i a l  com- 
press ion  and 245.2 N / c m  (140 l b / i n . )  t o r s ion .  The o v e r a l l  s i z e  
and design loading ,  shown i n  Fig.  111-1, were se l ec t ed  t o  be rep- 
r e s e n t a t i v e  of a s k i r t  o r  body s t r u c t u r e  for the  Space Tug veh ic l e .  

(144 in . )  

4.57 m Diameter 
(180 in.) 

N -  
XY 

245.2 N/cm 
(140 l t / i n . )  

-N - 1226 N / c m  (700 l b / i n . )  
X 

Fig. 111-1 S h e l l  Structure and Deaign Loading 

111-1 



A. STRUCTURAL CONCEPTS 

Four b a s i c  s t r u c t u r a l  concepts were subjec ted  t o  d e t a i l e d  evalua- 
t i o n  during Phase I; they were: (1) honeycomb sandwich; (2) sk in /  
s t r i n g e r / f r a a e ;  (3) t r u s s ;  and (4) i s o g r i d .  

1) The honeycomb sandwich concept uses  a l igh tweight  aluminum 
Hexcel core  material wi th  t h i n ,  0.020 t o  0.046-cm (0.008 t o  
0.018-in.) facesk ins .  A wide v a r i e t y  of facesk in  m a t e r i a l s  
were considered i n  t h e  design.  
t h a t  t he  minimum u s e f u l  gage of most candidate  materials be 
determined. The co re l f acesk in  bond was accomplished i n  a l l  
cases  wi th  0.009-cm (0.0035-in.) t h i ck  FM-24 f i l m  adhesive.  

The low design loads  d i c t a t e d  

2) The s t i f f e n e d  sk in  concept using ha t -sec t ion  s t r i n g e r s  and 
frames was eva lua ted  using a v a r i e t y  of metals, Attachment 
of t h e  s t r i n g e r s  and r'rames t o  t h e  s k i n  was assumed i n  each 
case t o  be accomplished using a weld-bonding technique,  
Typical  shee t  metal gages f o r  t h i s  concept were 0,038 t o  
0.076-cm (0.015 t o  0.030-in.). 

3) A t r u s s  s k i r t  concept was considered using aluminum members 
i n  one case and graphite/epoxy members i n  another ,  ztto d i f - .  
f e r e n t  aluminum member c ros s - sec t iona l  geometries were eval-  
uated;  a closed rec tangular  s e c t i o n  and an I sec t ion .  The 
graphite/epoxy member geometry was b a s i c a l l y  a c losed square 
s e c t i o n  with l o c a l  t i t an ium shim reinforcement i n  the  t r u s s  
j o i n t  region.  
(0.004-in.) laminates  f o r  meteoroid pene t r a t ion  p ro tec t ion .  

The t r u s s  openings are covered wi th  two 0.010-cm 

4 )  The c y l i n d r i c a l  s h e l l  structure was a l s o  designed using an 
i n t e g r a l l y - s t i f  f ened waff le  cons t ruc t ion  designated " i sog r id  ." 
Only unflanged r e in fo rc ing  r i b s  were evaluated because of t he  
t h i n  gage of aluminum involved. 

B. ANALYSIS METHODS 

The genera l  approach taken i n  i n v e s t i g a t i n g  the  var ious  construc-  
t i o n s  was t o  e s t a b l i s h  the  s t a b i l i t y  c h a r a c t e r i s t i c s  and then check 
the s t r e n g t h  of the s t r u c t u r e .  For an e f f i c i e n t  design,  panel  
s t a b i l i t y  and l o c a l  s t a b i l i t y  of the  corrponents were equated t o  
provide a s t a r t i n g  p o i n t .  Ceneral  s t a b i l i t y  was then checked fcr  
the  composite o r  bui l t -up s t r u c t u r e .  Gross s t r u c t u r a l  s t r e s s e s  
were then determined f o r  t h e  s t r u c t u r a l  components. 

111-2 



Due t o  t h e  combined axial compression and torsion loading on t h e  
s t r u c t u r e ,  it vas necessary t o  consider  t h e  e f f e c t  of load  l n t e r -  
a c t i o n  on s t a b i l i t y  and gross stress. 
Design Criteria Monograph on the buckl ing of thin-walled circular 
cy l inders4  recommends the use of a l inear i n t e r a c t i o n  r e l a t i o n -  
s h i p ,  i .e . ,  

The NASA Space Vehicle 

R + R , = l  
C 

where 

RC = Nx‘(N x ) c r ’  

= appl ied a x i a l  load,  Nx 
( N x ) c r  = cr i t ica l  axial load,  

xy I( Nxy) cr 9 
= N  

Rt 

N = appl ied t o r s i o n a l  load, 

( Nxy)cr  

For t h e  given geometry and loading, a l i n e a r  i n t e r a c t i o n  rela- 
t ionship  was a l s o  ind ica ted  from t h e  r e s u l t s  of t h e  Martin 
Marietta Corporation o r t h o t r o p i c  s h e l l  s t a b i l i t y  a n a l y s i s  
(IiOLBOAT5) t o  b e  descr ibed l a t e r .  
used throughout t h i s  s tudy.  

xy 
= c r i t i ca l  t o r s i o n a l  load. 

The l i n e a r  r e l a t i o n s h i p  was 

As f o r  stresses, MIL-?iDBK-56 states t h a t  p r a c t i c a l l y  a l l  s t r u c -  
t u r a l  (columnar) mmbers made from t h i n  m a t e r i a l s  f a i l  through 
i n s t a b i l i t y ;  t h i s  is p a r t i c u l a r l y  t r u e  f o r  t o r s i o n  of t h i n  tubes,  
To provide a conservat ive approach t o  gross  stress i n t e r a c t i o n ,  
a l i n e a r  r e l a t i o n s h i p  was used, i , e . ,  

fc + f t  = 1 

where 

= uc/oy  o r  u f c  c u l t ’  

17 = appl ied  axial  stress,  

,:, = compressive y i e l d  stress, 

C 

Y 
= compressive ultimate stress, ‘> ul t 

f, = ’xy/(  T X y ) C r ’  

T, = a p p l i e d  t o r s i o n a l  shear  stress, 
XY 

= allowable shear  s t r e s s .  
TxY)cr 111-3 



The l i n e a r  i n t e r a c t i o n  r e l e t i o n s h i r  was used throughout t h e  s tudy.  
Only one of t h e  cons t ruc t ions  was found to be s t r e n g t h - c r i t i c a l  
by t h i s  c r i t e r i o n ,  
uated des igns ,  i t  would be expected t h a t  l o c a l i z e d  buckl ing f a i l -  
ures would occur before  material f a i l u r e  of t h e  primary load  car- 
ry i n g  elemen t s. 

Due t o  t h e  bui l t -up charac te r  of t h e  eval-  

For a l l  of t h e  designlanalyses  performed i n  t h i s  s tudy ,  t o  provide 
a c o n s i s t e n t  b a s i s  f o r  comparison, a l l  of t h e  r e l a t f o n s h i p s  were 
based on t h e o r e t i c a l  cons idera t ions .  No reduct ion  f a c t o r s ,  cor- 
r e l a t i o n  f a c t o r s ,  knockdown f a c t o r s  o r  similar f a c t o r s  were used. 

1. Honeycomb Sandwich 

The honeycomb sandwich cons t ruc t ions  which were eva lua ted  c o n s i s t e d  
of two faceskins  of equal th ickness  and a low-density aluminum 
honeycomb core.  The cons t ruc t ion  w a s  checked f o r  two modes of 
i n s t a b i l i t y  f a i l u r e :  (1) genera l  i n s t a b i l i t y  where the s h e l l  f a i l s  
with t h e  core  and f a c e s  a c t i n g  toge ther ;  (2) l o c a l  i n s t a b i l i t y  tak- 
i n g  t h e  form of intercel.1 buckling of t h e  facesk ins .  
t u r a l  stresses were checked t o  prevent i n t e r a c t i o n  material f a i l u r e .  

Gross s t r u c -  

Analysis of t h e  genera l  s t a b i l i t y  of t h e  parametr ic  designs was 
made using HOLBOAT. HOLBOAT is an o r t h o t r o p i c  c y l i n d r i c a l  s h e l l  
s t a b i l i t y  a n a l y s i s  based on a theory o r i g i n a l l y  e s t a b l i s h e d  by t h e  
work of Cheng and H o . ~ , ~  Cheng and Ho formulated t h e i r  b a s i c  equa- 
t i o n s  from c l a s s i c a l  t h i n  s h e l l  theory and Flugge *a9 d i f f e r e n t i a l  
equat ions of equi l ibr ium. The assumptions used are: (1) t h e  r a t i o  
of thickness  of the s h e l l  t o  its r a d i u s  of curva ture  is small com- 
pared t o  uni ty ;  (2) t h e  displacements are s m a l l  compared w i t h  the  
s h e l l  thickness;  and (3) the  elements normal t o  t h e  undeformed 
middle sur face  are normal t o  t h e  deformed middle s u r f a c e  and suf- 
f e r  no extension.  

Each layer  o r  s t r u c t u r a l  component of t h e  s h e l l  cons t ruc t ion  con- 
t r i b u t e s  t o  the  o v e r a l l  s t i f f n e s s  of t h e  c o n s t r u c t i o n  through its 
c o n s t i t u t i v e  equations.  l i n k i n g  stress and s t r a i n .  Summing these  
i n d i v i d u a l  cont r ibu t ions  then r e s u l t 3  i n  o v e r a l l  s t i f f n e s s e s  ( i .e, ,  
ex tens iona l ,  coupling, and bending) f o r  t h e  e n t i r e  s h e l l .  These 
s t i f f n e s s  matrices a r e  designated [A], [B], and [ D ] ,  r e s p e c t i v e l y .  
The HOLBOAT computer program has t h e  opt ion  of e i t h e r  being given 
the  e l a s t i c  cons tan ts ,  th icknesses ,  and o r i e n t a t i o n s  of t h e  l a y e r s  
( o r  components) and i n t e r n a l l y  generat ing t h e  i n d i v i d u a l  and com- 
bined s t i f f n e s s e s ,  o r  accepting combined s t i f f n e s s e s  t h a t  have been 
generated e x t e r n a l l y  t o  the program. The present  i n t e r n a l  generat-  
ing c a p a b i l i t i e s  of HOLBOAT are l i m i t e d  t o  laminar cons t ruc t ions .  
I t  i s  necessary t o  generate  e x t e r n a l l y  t h e  s t i f f n e s c  matrices f o r  
cons t ruc t ions  such as s k i d s t r i n g e r l f r a m e  and t russlgr idwork.  A 
modif icat ion o f  t h e  HOLBOAT program to  inc lude  i n t e r n a l  genera- 
t i o n  of s t i f f n e s s  mat r ices  f o r  panels  s t i f f e n e d  wi th  dLecrete 



stringers cnd frames was accomplished under a contract add-on near 
the end of Phase I. This modification is summarized in Section 
1 I I . D  of this report and fully defined in a User’s Manual, MCR- 
74-428, October 1974. 

Solution of the stability equation in HOLBOAT is made using the 
available stiffness matrices. The equation contains the wave 
numbert in the axial and circumferential directions as coeffi- 
cients; therefore, minimizing the buckling load ;rith respect to 
these wave numbers. 

Local stability of the facesheets for the intercell buckling 
mode of failure was made assuming that the fh:P-shi?fi act:,.< as a 
simply supported wide column over the length o i  the * - - I *  

2.  Skin/Stringer/Frame 

The configuration studied was that shown in Fig. IIZ-.. 111-3. 
Components of the configuration include a skin, hat-section stif- 
feners, and hat-section frames. Hat-sections were selected because 
they offered closed-section torsional stiffness when attached t c  
the skin, and for the thin gages contemplated, a closed-section 
with no outstanding free edges (e.g., in contrast to a channel 
section). 

Two design criteria approaches were taken: (1) the cylinder com- 
ponents were assumed to be designed on a noninteraction basis, 
i.e., the skin would resist all of the torsional load and the 
stringers would resist all of the axial load; and (2) the cylinder 
components were assumed to be designed on a limited interaction 
basis, i.e., the skin would resist all of the torsional load and 
the stringers, together with an effective width of skin, would 
resist the axial load. In both cases, the frames were to be de- 
signed to provide adequate radial stiffness to force the stringers/ 
skin into panel instability mode shapes. The above conditions pro- 
vided for the evaluation of 10;31 stability requirements. 
ing equations were listed and discussed in the Interim Report.’ 

Govern- 

HOLBOAT was used to evaluate the general stability of the built-up 
panel between frames and the overall cylinder stability including 
frames. The orthotropic shell analysis is the only viable method 
of satisfactorily evaluating these failure modes. :lowever, the 
orthotropic shell analysis is only appropriate if the stringer and 
frame sizes and spacings are sufficientl, small so that when these 
reinforcing elements are averaged over their respective areas, a 
fictitious orthotropic sheet has the same structural stiffnesses. 
This was the case for the designs in this program. 



N - 245.2 N/cm (140 lb/in.) 
XY 

Nx - 1225.8 N/cm (700 lh/in.) 
d + I +  t 

t t t t t t t t t f t t t t t  

Frame Spacing 

\- F:ame 



f 
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The extensional, coupllng, and bending stiffnesses of the shell 
configuration were required as input to the prograep. 
eters in the matrices were obtaiaed using the equations given in4 
for isotropic-skinned cylinders with stiffeners and rings. 
stiffness matrices are shown i n  Table 111-1. 

The param- 

The 

Tab le I I I -  7 Stiffness Matrices S k i n / S t r i n g e r / R w e  Cons tmction 

I E x t e n s i d  Stiffness Beading Stiffness 

Est 9 t  
+ %t c 

s t  

‘F % + ‘st s t  + - K Esk ‘:k 
D66 = 6(l+usk) cs t LF 

Coupling Stiffness 

A16 A26 = 0 

h e r e  

E - Modulus O f  clstlcity 
C - Shear modulus 

Y - Poisson’s rat io  

e - Thichcss  

A - Area 

I - ?4oment of Inertia 

3 - Distance from the center of the skin 
~. 

to the centroid of the reinforcing 
element. Radial outward is the positive 
direction. 

It - TOrSiOIMl COI1St-t 
csc - Stiffener spacing 

$ - Frame spacing 

sk - Denotes skln property 

s t  - Denotes stringer property 

F - Denotes frame property 
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Truss  - 3. 

A p o t e n t i a l  l igh tweight  s t r u c t u r a l  concept f o r  the given design 
condi t ions  is a small-grid r ig id - jo in t  truss wi th  t h i n  shee t  mate- 
rial appl ied  t o  the inner and o u t e r  su r faces  t o  provide meteoroid 
p ro tec t  ion.  

The i n i t i a l  concept was to use vide-flange members as t h e  s t ruc -  
t u r a l  components; t h e  later e f f o r t  ind ica ted  t h e  advantageous use 
of tubular  members. Because of the work c o q l e t e d  earlier i n  t h e  
program with honeycomb sandwich s h e l l s ,  a rough estimate w a s  knovn 
of t h e  required long i tud ina l  and t r ansve r se  ex teas iona l  and bending 
s t i f f n e s s e s  to  prevent genera l  i n s t a b i l i t y .  
then b e  made using E u l e r  buckling of t h e  members. 
t h e  members i n  t h e  c i r cumfe ren t i a l  d i r e c t i o n  of t h e  s h e l l  vas t o  
b e  provided by attachment of t h e  members t o  t h e  meteoroid protec-  
cion sk ins .  

Panel s i z i n g  could 
S t a b i l i t y  of 

Member stresses were determined by analyzing f i n i t e  element stress 
of one-fourth of t h e  s h e l l .  Thase stresses could then b e  compared 
t o  the  gross material stress (e-g. ,  cospress ive  y i e ld )  and t o  the  
l o c a l  buckling stress of the  member elements (i-e., f lange  and 
web). 
S t ruc tu res  Manual.’’ 
l i n g  stress is  given by 

kw a2E 

Local buckl ing stresses w e r e  determined using t h e  NASA 
For t h e  wide-flange s t r u t s ,  t h e  l o c a l  buck- 

I 

a C S t  12(1-uL) (tV’bu)2 

where 

= web thickness  

= web length 

tw 

bW 

and k is determined from Fig. C4.2.2-4.11 For t he  tubular  

s t r u t s ,  t h e  l o c a l  buckling s t r e s s  is given by 
W 

2 

where 

t = web th ickness  

h’ = web height  

h ’  

and \ is determiqed from Fig. C4.2.2-5.” 
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4. 

* 

Extensional St i f fness  Bending Stiffness  Coupling Stiffness  

A l l  B's - 0 Ev t 0 ; ;  = - Ev Av 

% %  

r-olb 

A l l  - 7 d 

5 'H 
D2' - - d A22 - d 

% %  Gn% +%> D6; 7 + -- 
d t z i  

A&6 2d 

A;, A26 = O D17 D ~ S  Or6 - 0 

General stability analyses of the truss dests s were made using 
the HOLBOAT program. The extensional, couplirbg, and bending sti . f -  
nesses vere required as inputs to the program. These stiffnesses 
vere modeled using the principles established for orthotropic sire? 1 
construction given in4. The stiffness matrices used are sh0w.i in 
Table 111-2. 

Table III-2 Stiff'nsss Matrices 3?ws Construcchz 

D - Denotes diagonal member property 
I - Y!wnt of Inertia 

K - Torsional constant 

Isogrid- 

The isogrid construction consists of a structural skin stiffened 
with 60" triangularly oriented rib components (Fig. 111-4). Gross 
structural behavior of the constructior is essentially that of an 
isotropic plats. As a result, recognized analytical techniques 
for homogeneous, isotropic meterfals can be used in the design/ 
analysis. Considerations in the design process include: overall 
cylinder instability, triangular panel (skin) instability, rib 
instabiiity, and strength The detailed design procedures set 
forth in the Isogrid Design Handbook12 were foll.owed in this study 
and will not be repeated here. 

J x i -  
Fig. IIT-4 Element of Isogrid Rib Grid 

SII-lo ORIGINAL PAGE IF 
OF .'WR QUALITY 



C. STRUCTURAL, DESIGNS 

Designs were prepared for the four constructions; honeycomb ,,(ma- 
wich, skin/stringer/frame, truss, and isogrid. The material 
properties of the materials used in the design study were given in 
Tables 11-1 and 11-2 of the Materials Chapter. Detailed tabulated 
results for all of the designs were presented in the Phase I In- 
terim Report*, * and, therefore, will not be duplicated here. 

1. 

Seven isotropic metallic skin and four composite skin constructions 
were evaluated during the study. The metrllic skins were: 

Aluminum 
Titanium 
Maraging Steel 
Beryllium 
Lockalloy 
Bo ron/Aluminum 
Beryllium/Titanium 

The composite skins were: 

Fiberglass/Boron/Fiberglass 
Fiberglass/Type AS Graphite/Fiberglass 
Fiberglass/HH-Modmor GraphiteIFiberglass 
T 300 GraphiteIHM-Modmor GraphitelT 300 Graphite 

The design conditions for these constructions are given in Fig. 
111-5. 

Design of the composite material skin sandwich was more involved 
that that for the isotropic skins. 
axial load-carrying skin component was the unidirectional Oo tape 
material. This component was one of these three materials; boron, 
Type AIS graphite, or HM-Modmor graphite. It was assumed that the 
primary torsional load-carrying skin component was the 45" mate- 
rial. This component was one of the following: Style 104 woven- 
glass fabric, Style 112 woven-glass fabric, or continuous unidirec- 
tional Thornel 300 graphite filament tape. The thin 0.019 nun 
(0.00075 in.) Style 104 fabric and Thornel 300 tape are both 

It was assumed that the primary 
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3.66 m 
(144 in . )  

. 
Note: 1. 

2. 

- 

3.  

I 
N = 245.2 N/cm t 

ry (140 lb/in.) 

I' A 

Nx = 1226 Nfcm 
(700 lb / in . )  

4. 

5 .  

Honeycomb core ,  aluminum 1/8-50524.0007, 
49.7 k g / m 3  (3.1 l b / f t 3 ) .  

Core/face s k i n  adhesive,  Bloomlngdale 
Corp., r e t i c u l a t i q  FM-24 epoxy, 0.0127 cm 
(0.005-In. ) th ick .  

No edge weight included. 

0" o r i e n t a t i o n  lies along t h e  cy l inde r  axis, 
Buckling loads  are classical t h e o r e t i c a l  
va lues  without reduct ion  f a c t o r .  

I 

Thin Face Skin 

Honeycomb Core 

Thin Face Skin 

Sect ion A-A 

F i g .  TTI-5 Honeycomb Sandwich Concept Design Zonditions 

111-12 



unbalanced b a s i c  cons t ruc t ions  and must be balanced during lamin- 
a te  f a b r i c a t i o n  t o  provide adequate shear  s t r eng th .  The S t y l e  
112 f a b r i c  is balanced and provides  a good s t r u c t u r a l  laminate  
when used a t  45" t o  t he  loading axis. 

2 .  Skin/Stringer/Frame 

Seven i s o t r o p i c  sk in l s t r inge r l f r ame  des igns  were eva lua ted  dur ing  
t h e  s tudy.  A l l  seven of t he  designs were prepared using t h e  p re -  
v ious ly  descr ibed Design Criteria 1. A design f o r  aluminum 2014- 
T6 was a l s o  prepared u s i q  Design Criteria 2. For tn ree  of the  
materials ( i . e . ,  Ti-8Ak-lMo-lV, "250" Maraging steel ,  and Lock- 
a l l o y ) ,  two th icknesses  were used because the  t h e o r e t i c a l l y  re- 
qui red  gages were below those  r e a d i l y  commercially ava i l ab le .  

3. Truss 

Resul t s  of t h e  des ign /ana lys i s  of previous cons t ruc t ions  pointed 
t o  t h e  use  of .aluminum as t h e  most weight -e f f ic ien t  material f o r  
use i n  t h e  t r u s s .  The f i n i t e  element model of one-fourth of t he  
c y l i n d r i c a l  s h e l l  is shown i n  Fig. 111-6 and member cross-sect ions 
are shown i n  Fig.  111-7. Due t o  the  long running times necessary 
f o r  a stress a n a l y s i s  using t h e  f i n i t e  element program, only  t w o  
cases were run and stresses f o r  t h e  remaining condi t ions  were 
ax t rapola ted  from these  two cases. The use of tubular-closed 
cross-sect ion s t r u t s  g r e a t l y  enhances the  s t a b i l i t y  of t he  t r u s s  
compared with using wide-flange s t r u t s .  

4. 

5 .  

I sog r id  

A s  wi th  t h e  t r u s s  cons t ruc t ion ,  t he  only material evaluated with 
the  i s o g r i d  construct ioi i  vas 2014-T6 aluminum. 
conf igura t ion  i s  shown i n  the  drawing f o r  t h e  small test panel 
shown i n  Fig.  111-8. The weight of t h i s  cons t ruc t ion  i s  4.502 
kg/m2 (0 .922  l b / f t 2 ) .  

The r e s u l t i n g  

Design Summary 

A t o t a l  of 11 s t r u c z u r a l  designs were chosen a s  candida tes  f o r  
cons idera t ion  during Phase I f a b r i c a t i o n  development work. A 
summary of  these  designs i s  given i n  Tables 111-3 t h r u  111-5. 
The c y l i n d r i c a l  s k i r t  weight expressed i n  K g / m 2  ( l b / f t ' )  f o r  each 
of the5e designs is  shown i n  Fig.  111-9. The s o l i d  For t ion  of 
the bars shown i n d i c a t e s  the  b a s i c  s k i r t  weight;  t he  added-on 
cross-hatched bar  i n d i c a t e s  the  add i t iona l  weight due t o  an edge 
attachment weight increment. The edge weight increment i s  based 
on a p re l imi r i a ry  design of  a candidate  attachment s t r u c t u r a l  con- 
cept .  A l l  of tile honeycomb sandwich designs shown, i n  add i t ion  
to  the  aluminum i sogr id  and the  graphi te/epoxy t r u s s  des ign ,  were 
subjected t o  small  component s t r u c t u r a l  tests to  a i d  i n  concept 
eva lua t ion .  



t' 

F i g .  rII-6 Truss, Fini te  EZemnent Mode2 
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Uide-Flange Member 

25 .4  mm 4 
(1.0 in.) 

Member 

F i g .  III-7 A Lminm Truss Member t ieometq,  Sections 
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I- - 57.224 (22.529)-- ~ 

25.537 , r 8  Equal Spaces - 46.927 (18.475)- 
(10.054) /-TI i ! I 

4 Equal 
Spaces - 
20.320 
(8.000) 
'7 
I 1  
1 i -  

I I I 
1 

Flat 

Y 
X 

365.8 
(144) 

Test Panel 
Dimensions are in centimeters 
and (inches). Tolerances in 
centimeters = .XX - 2 .08 
.XXX - f .025, Tolerances in 
inches shown below. 

Deburr and break edges. 

1.524 (0.060) 

-- 1 
r 
1 

0.069 (0.027) 

- .oooo 2.540 (1.000) 

+.0037 e - 5 . 0 8 0  (2.000) 

1 1  
0.080-+. 008 

- . 000 
(0.0315 +.0030) -r 
-.OW (.OS4 -.OOO 

0.069 (0.027) 4; 
I 

1 
Skin Thickness - Typical , 

R i b  Width Typical * -0.137 +.008 A Section C-C 

Section A-A 
Section B-I) 
Section C-C Similar 
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:'able 111-3 SeZmted Hcneycornb Sandwich Design8 

Modmor 
Type I/5208 
Craphite/Epoxy 

Hodmor 
Type I/5208 
Craphite/Epoxy 

Narmco 
550514 
Boron/Epoxy 

Hercules  AIS  
-3501 
Graphite/Epoxy 

Panel  
Designat ion 

Type I-CR-20 

Type I-GL-18 

Boron-GL-17 

A / s - c L - ~ ~  

Alu -12  

Titan-10 

T300/5208 
Craphite/Epoxy 

S t y l e  1 1 2  
F i b e r g l a s s  
Cloth/5208 

S t y l e  1 1 2  
F i b e r g l a s s  
Cloth/5208 

S t y l e  112 
F i b e r g l a s s  
Cloth/5208 

-- 

Face Skin M a t e r i a l  

Axial  I 245' 

-- 

T o t a l  
Face Skin 
Thickness ,  
cm 
( i n . )  

0.0393 
(0.0155) 

0.368 
(0.0145) 

0.0380 
(0.0150 

0.0406 
(0.0160) 

0.0254 
(O.OlO0) 
0.0203 
(0.0080) 

Core 
Thi c kne 8 8 ,  

( i n . )  
CUI 

1.510 
(0.595) 

2.145 
(0.845) 

1.660 
(0.654) 

2.410 
(0.948) 

1.485 
(0.585) 

1.280 
(0.505) 

SKrUCt Uta' Weight 

Basic  
Pane l ,  
kg/m2 
( l b l f t 2 )  

2.185 
(0.448) 

2.490 
(0.509) 

2.512 
(0.515) 

2 . n 2  
(0.515) 

2.270 
(0.465) 

2.572 
(0.525) 

~ Note: A l l  de s igns  use 1/8-5052-0.0007-3.1 aluxinum Hexcel co re  and 0.085 cm (0.00: 

Edge 
Attachment 
De l t a ,  
kg/m2 
( l b / f t 2 )  

6.400 
(0.082) 

0.415 
(0.085) 

0.405 
(0.083) 

0.424 
(0.087) 

0.302 
(0.062) 

0.298 
(0.061) 

--- 
T o t a l ,  
kg/m2 
( l b /  f t 2 )  

: 585 
(3.530) 

2.905 
(0.594) 

2.917 
(0.598) 

2.936 
(0.602) 

2.572 
(0.527) 

2.870 
(0.586) 

in.) t h i c k  FM-24 c o r e /  ____ 

f ace  skin bond. Edge at tachment  weight increment c a l c u l a t e d  us ing  geometry shown: 

(0 .25  cm (0.010 in . )  for panels 
w i t h  metal face skins. 
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D. HOLBOAP PROGRAM MODIFICATION 

The computer program HOLBOAT' c a l c u l a t e s  buckling l o a d s  of  inhomo- 
geneous a n i s o t r o p i c  c y l i n d e r s  under combined loads.  
on t h e  Kirchhoff-Love hypothesis ,  genera l ly  a n i s o t r o p i c  c o n s t i t u -  
t i v e  equat ions,  and Flugg's d i f f e r e n t i a l  equat ions of equilibrum, 
It w a s  developed under c o n t r a c t  t o  AFFDL and h a s  keen improved 
s i n c e  then ( c i r c a  1967). 

Cheng and Ho' developed t h e  b a s i c  equat ions for buckling by p r  - 
sure ,  axial load and t o l s i o n .  Their a n a l y s i s  w a s  extende' to n- 
c lude bending1 3 .  
to rs ion ,  and bending can be analyzed wi th  t h e  program and theore t -  
ical  i n t e r a c t i o n s  determined. 

It is based 

Thus, any combination of  pressure ,  axial l5ad ,  

The inhomogeneity considered is  t h a t  which arises i n  a laminated 
cy l inder  due t o  d i f f e r e n t  l a y e r s  having d i f f e r e n t  elastic proper- 
t ies and/or o r i e n t a t i o n s .  
are input ,  along wi th  its o r i e n t a t i o n  and thickness .  Then t h e  
program i n t e r n a l l y  calculates t h e  required s h e l l  s t i f f n e s s .  Each 
. individual l a y e r  may be i s o t r o p i c ,  o r t h o t r o p i c ,  or genera l ly  aniso- 
t r o p i c  and a syannetric or balanced arrangement of l a y e r s  is n o t  
required.  

The elastic p r o p e r t i e s  of  each l a y e r  

Simple cupport boundary condi t ions  are s a t i s f i e d  f o r  "spec ia l ly  
or thot ropic"  cy l inders .  
no homogeneous boundary condi t ions are s a t i s f i e d  on s e c t i o n s  per- 
pendicular to  t h e  a x i s .  If t h e  cy l inder  is long or has  a smalj 
a x i a l  s t i f f n e s s ,  then these  c o n s t r a i n t s  w i l l  n o t  g r e a t l y  a f f e c t  the 
buckling loads.  However, s h o r t  c y l i n d e r s  and those with high hvicl  
s t i f f n e p s  may be a f f e c t e d  by boundary c o n s t r a i n t s .  

Input to t h e  program is v i a  "Namelist." This means t h a t  tiis !tsar 
does not  have t o  have h i s  input  i n  "Format" b u t  merely vri tes the 
name of t h e  input  v a r i a b l e ,  an equal sign, and t h e  nur.crir-%' :,:?ua 
of t h e  v a r i a b l e .  This input  may be i n  any seqixnce.  'h.0 :.r?krtlm 
can a l s o  run mul t ip le  problems and t h e  user  hds only t o  inkkt 
values  of v a r i a b l e s  which changed from t h e  previous problem. 
f e a t u r e  is most u s e f u l  i n  performing parametr ic  s t u d i e s .  
input  c o n s i s t s  of cy l inder  geometry, e l a s t i i  p r o p e r t i e s  of each 
layer, load combinations, wave number ranges,  and buckl ing load 
type * 

For genera l ly  a n i s o t r o p i c  conf igura t ions ,  

Program 
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1. 

Output is shell stiffness, buckling load, and buckling m d e  shape. 
Tu0 buckling loads are given for each wave number set; one based 
on "Flugge type" theory and the second f r o m  a Doanell theory. The 
minimum buckling load and corresponding wave numbers are also 
printed for each date set. 

Two major improvement were made to HOLBOAT that will enhance the 
program usefulness in obtaining more efficiently designed struc- 
tures and free the user from performing 8- tedious input calcu- 
lations. The areas aodified were (1) extension to stiffened cyl- 
inders and (2) incorporation of "knockdown" or reduction factors 
t o  obtain critical design loads. 

Stiffened Cylindeis 

A cylinder with closely space stiffeners, inside, outside, or both, 
may be treated by "smearing" the stiffeners into an anisotropic 
sheet in the analysis. 
average stiffnesses for the stiffened cylinder and then determines 
buckling loads based on the average stiffnesses. 
buckling wave lengths are then compared with stiffener spacing to 
verify the smearing assumption. 

In this technique one determines a set of 

The resulting 

a. 
user: 

Opemtby &des - Three operating -des are available to the 

1) Input of experimentally determined values of stiffness from 
isolated axial compression, torsion, and internal pressure 
tests. The analysis for this mode and a detailed discussion 
of input parameters are given in'. 
pendix A of the User's Manual illustrates the input and out- 
put inf ofma tion. 

Sample Problem 1 in Ap- 

2) Input of cylinder geometry and wall construction. This input 
mode is more widely used than either of the other two and is 
directly related to the recent modifications. Sample Problems 
2 through 4 in the User's Manual illustrate the input and out- 
put in formation. 

3) Direct input of stiffness matrices. The analysis for this 
mode and a detailed discussion of input parameters are given 
in3. 
input and output information. 

Sample Problem 5 in the User's Manual illustrates the 

b. G e d m t q  - Right circular cylinders or segments of right cir- 
cular cylinders are treated. Vertical and circumferential stiff- 
ening meabers may be included in the modeling (Fig. 111-10). 
Stringers or rings may be on the inside or outsile of the cylinder. 
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c. Yatt Construction - 1 construction consists of a skin re- 
inforced with stiffening h e r s .  

The skin may be a laminated cylinder constructed of layers of dif- 
ferent materials having different elastic properties or orienta- 
tions. 
a synmaetric or balanced arrangement of layers is not required. 

Each individual layer may be isotropic or orthotropic and 

The stiffening awnbers cons3sting of vertical stringers and/or cir- 
cumferential rings are treated in the analysis by smearing the 
stiffeners into an orthotropic sheet. The stiffnesses of the 
stiffening elements are then added to the skin stiffnesses. 
additions are made only in relation to their principal directions14. 
That is, the vertical stringers contribute only to the vertical skin 
stiffness and to the torsional stiffness and the rings contribute 
ortly to the circumferential skin stiffnesses and to the torsional 
stiffness. For applicability of the smearing assumption, the buck- 
ling wavelengths must be :ompared to the stiffener spacing to as- 
sure that the wavelengths are several times greater than the stiff- 
ener spacing. 

These 

Each stiffening member may be composed of a number of straight 
or circular eleme!nts (Fig. 111-11) on equidistant spacings around 
the circumference and equidistant spacings along the length of the 
cylinder. 
laminate of layers of orthotropic material, each layer having dif- 
ferent orthotropic properties, orientation, and thickness. It is 
emphasized that the stiffening member laminates must be synmetric 
and balanced. 

Each stiffening member element may be composed of a 

The skin and stiffening member construction combinations that can 
be evaluated are shown in Fig. 111-12. 

J .  
satisfied for "specially orthotropic" cylinders. 
anisotropic configurations, no homogeneous boundary conditions 
are satisfied on sections perpendicular to the axis. If the 
cylinder is long or has a small axial stiffness, these constraints 
will not greatly affect the buckling loads; however, short cylin- 
ders and those with high axial stiffness may be affected by bound- 
ary constraints. 

Boundary C o n J i t i c ~ s  - Simple-support boundary conditions are 
For generally 

2 .  ioaJin,;s - The buckling calculations for any combination of 
pressure, uniform axial compression, and torsion are similar. Any 
two of the loads may be input and the remaining load to cause 
buckling is calculated. In the case of bending, any of the above 
three loadings are input and the program calculates the bending 
load to cause buckling. 
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F i g .  III-12 She 2 I Construction Combinations 

2. Corre la t ion  C o e f f i c i e n t s  

A design buckl ing load  is  obtained by mul t ip ly ing  t h e  t h e o r e t i c a l  
buckling load by a "knockdown" f a c t o r .  
from previously obtained test d a t a  and c o r r e l a t i o n  s t u d i e s  and they 
r e f l e c t  d i f f e r e n c e s  between theory and test. 
f e c t i o n s  and boundary condi t ions  have been shown t o  b e  s i g n i f i c a n t  
i n  causing t h e s e  d iscrepancies .  
with regard t o  imperfect ions or boundary condi t ions ;  thus ,  t h e  d a t a  
from similar specimens and loadings are usua l ly  combined. 
bound o r  s t a t i s t i ca l  c o r r e l a t i o n  curves are then drawn t o  provide 
t h e  c o r r e l a t i o n  c o e f f i c i e n t s .  HOLBOAT uses t h e  expressions f o r  
c o r r e l a t i o n  c o e f f i c i e n t s  given i n  t h e  NASA Space Vehicle  Design 
Criteria Monograph, NASA SP-800715, which provide f o r  d i f f e r e n c e s  
i n  loading condi t ion  and cy l inder  cons t ruc t ion ,  as follows: 

Corre la t ion  c o e f f i c i e n t  y - 1 - ~1 (1 - e+) 

These f a c t o r s  a r e  obtained 

Both i n i t i a l  imper- 

Most test d a t a  are n o t  s p e c i f i c  

Lower 

[ l l  

where 

f21 C1 = 0.901 f o r  a x i a l  load 

I31 C1 = 0.731 for  bending load 

and 
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ISI C2 = 16 f o r  i s o t r o p i c  cons t ruc t ions  

and 

where 

r71 C2 = 29.8 f o r  o r t h o t r o p i c  construcl. ions.  

P r i n t  ou t  of t h e  computed c o r r e l a t i o n  c o e f f i c i e n t  i n  the  suamnary 
of the  problem permits  the  program user t o  t a i l o r  t h e  "design" 
buckl ing load t o  h i s  s p e c i f i c  design u n c e r t a i n t i e s .  
a t e d  c o r r e l a t i o n  c o e f f i c i e n t  is appl ied  t o  only the ca l cu la t ed  
buckl ing load;  i t  is not  appl ied  t o  any oE t h e  input  loads.  

The gener- 

Spec i f i c  information concerning t h e  use of t h e  computer program 
along wi th  several worked example problems are presented i n  a 
User's Manual, XOLBOAT Computer Program, MCR-74-426, October 
19741°, provided t o  NASA-MSFC. 
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A. SMALL PHASE 1 STRUCTURES 

The fabrication effort during Phase I was to demonstrate the 
fabricability of the wide variety of structural concepts sub- 
jected to design evaluation. 
volved lightweight aluminum honeycomb core with a variety of thin 
faceskins using fibrous composites as well as metals. 
fibrous-composite stiffener straps for reinforcement of the sand- 
wich panels were also considered. Candidate truss skirt concepts 
used were: 
truss members. The isogrid concept evaluated involved integrally 
machined aluminum with thin stiffener and skin gages. Success or 
difficulty in fabricating relatively small test panels and com- 
ponents aided in selection of concepts to be further evaluated 
during Phase 11. 

The honeycomb sandwich concept in- 

Thin 

graphite/epoxy, boron/graphite/epoxy, and aluminum 

1. Composite Stiffener Straps 

A modified honeycomb sandwich cylindrical shell design uses closely 
spaced, thin, unidirectional composite stiffener straps oriented 
axially and bonded directly to or directly underneath the sandwich 
faceskins. 
shown in Fig. I V - 1 .  The ends of each specimen were reinforced 
with a thin titanium shim insert. These inserts were chem-milled 
at the ends to provide steps for bonding the composite layers. 
Three different kinds of composite material were used, Rigidite 5505 
boronlepoxy , HMIX-904 graphitelepoxy, and HTS/X-904 graphite/epoxy . 
The graphite/epoxy specimens also contained style 104 glass cloth 
between each graphitelepoxy layer to provide transverse strength. 
The boron/epoxy prepreg tape already contained style 104 glass 
scrim carrier cloth and, therefore, additional glass cloth was not 
added to these specimens. The individual layers contained in one 
of the graphitelepoxy specimens and a completed specimen are shown 
in Figure IV-2. 
rial types was that recommended by the material supplier. 
in. diameter holes were cut in each end of the cured specimens. 
These holes were made using a Roto-Punch machine, which provides a 
high quality hole in thin materials. 
t o  the structural test laboratory for determination of their ultimate 
tensile strength. 

The geometry of three candidate stiffener straps is 

The cure cycle used for each of the composite mate- 
Three 3/8- 

The finished straps were sent 
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2. Graphite Epoxy Truss S t r u t s  

3. 

Two graphitelepoxy t r u s s  s t r u t s  r e l a t e d  t o  t h e  c y l i n d r i c a l  s k i r t  
t r u s s  concept were f a b r i c a t e d .  
d e f i n i t i o n  is shown i n  Fig. IV-3 .  The s t r u t s  contained t i t an ium 
shim end reinforcement i n s e r t s  as shown f o r  in t roduct ion  of a x i a l  
compression load.  
AIS-3501 continuous 7.6-cm (3-in.) wide tape.  The layup mandrel 
used cons is ted  of Brak-Away p l a s t e r  bonded t o  a 1.6-cm (5/8-in.) 
diameter aluminum tube and machine1 t o  t h e  dimensions shown i n  
Fig. IV-3 .  
layup technique with t h e  t i t an ium shims added t o  t h e  appropr ia te  
loca t ions .  
a Pasa-Jel l  treatment.  The layup w a s  compacted s e v e r a l  times 
p r i o r  t o  c u r e  by using wrapped-on s h r i n k  tape.  
accomplished with an e x t e r n a l  vacuum bag and using an au toc lave  
f o r  appl ica t ion  of e x t e r n a l  pressure  and temperature. One of the  
f in i shed  s t r u t s  and s e c t i o n s  through t h e  c e n t e r  and end reg ions  
are shown i n  Fig.  I V - 4 .  
lowing s t r u c t u r a l  test. . 

The o v e r a l l  geometry and l a y e r  

The type of graphitelepoxy used w a s  Hercules 

The graphitelepoxy l a y e r s  were appl ied  using a hand 

The t i t an ium shims were prepared f o r  bonding by using 

F i n a l  cure  w a s  

The specimen was c u t  i n t o  s e c t i o n s  f o l -  

Boron/Graphite/Epoxy Truss S t r u t  

Another t r u s s  s t r u t  with boronlepoxy f langes  and graphitelepoxy 
webs was f a b r i c a t e d  to  v e r i f y  proposed f a b r i c a t i o n  techniques. 
This gr t ic le  w a s  f o r  demonstration purposes only;  and, t h e r e f o r e ,  , 

did  not  contain provis ions  f o r  load in t roduct ion .  The t r u s s  s t r u t  
webs consis ted of two grapliitelepoxy channel s e c t i o n s ,  shown i n  
Fig. IV-5, 45.7 em (18.0 in . )  long by 2.54 cm (1.0 i n . )  high wi th  
1.52 cui (0.60 i n . )  f lange  legs .  
e i g h t  l a y e r s  of HTSIX901 graphitelepoxy i n  a balanced 245" con- 
f i g u r a t i o n  with a sj.n.gt.e l a y e r  of s t y l e  104 f i b e r g l a s s  scrim 
c l o t h  added t o  t h e  inner  and outer  sur faces .  The average cured 
wal l  thickness  w a s  0.119 cm (0.047 in . )  f o r  each p a r t .  The 
p a r t s  were laminated over  a machined aluminum male molding t o o l  
and subjected t u  t h e  vendor-recommended vacuum bag, autoclave 
cure cycle .  
a t e s ,  shown i n  Fig.  IV-5, 45.7 cm (18.0 in . )  long by 3.81 cm 
(1.50 i n . )  wide and 0.127 cm (0.050 in . )  th ick .  
contain 10 layers of R i g i d i t e  550514 boronlepoxy wi tk  a l l  f i b e r s  
or iented i n  t h e  a x i a l  d i r e c t i o n .  They were cured using t h e  ven- 
dor-recommended vacuum bag, autoclave cure cyc le .  The f in i shed  
s t r u t  s e c t i o n ,  a l s o  shown i n  Fig.  IV-5, was made by bonding t h e  
f lange s t r i p s  t o  t h e  web channels using FM-24 f i l m  adhesive.  
components were secured i n  a t o o l  during bonding. 

The b a s i c  layup cons is ted  of 

The s t r u t  f langes  c o n s i s t  of two boronlepoxy lamln- 

These f langes  

The 
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The t h i n  aluminum s h e e t s  are very f l e x i b l e  and, t h e r e f o r e ,  were 
a t tached  t o  a plywood board during t h e  chem m i l l  operat ion.  The 
shee t  is chem mi l led  from one s i d e  with t h e  s i d e  ad jacent  to  t h e  
plywood board iraslced o f f  t o  prevent e tchant  a t t a c k .  
material from one r a t h e r  than both s i d e s  r e s u l t s  i n  b e t t e r  th ics -  
ness  c o n t r o l ,  however, i t  does cause some curva ture  of  t h e  f i n i s h e d  
s k i n  due t o  release of r e s i d u e  stress. This curva ture  is n o t  s t r u c -  
t u r a l l y  degrading s i n c e  i t  r e q u i r e s  very l i t t l e  f o r c e  to f l a t t e n  
t h e  shee ts .  

Removing 

b .  San&ch Panel Fabrication - Three aluminum sandwich panels ,  a 
development panel (DP-ALUM-10) , a compression test panel  (CP-ALUM- 
10) and a shear  test panel  (SP-ALUM-lo), shown i n  Fig. IV-38 were 
fabr ica ted .  The development panel  w a s  f a b r i c a t e d  using t h e  same 
cure cycle and vacuum bag system as previously descr ibed f o r  t h e  
graphite/epoxy panels .  
found t o  be s a t i s f a c t o r y  during Phase I work. 
panel r w e a l e d  two problems t h a t  were subsequently solved. F i r s t ,  
the  midspan core  s p l i c e  caused a very s l i g h t  bu t  perce ivable  l o c a l  
curvature  i n  t h e  upper aluminum skin .  This d i d  n o t  happen on pre- 
viously f a b r i c a t e d  graphite/epoxy panels  because of t h e i r  higher  
local facesk in  s t i f f n e s s .  The core s p l i c e  w a s  e l iminated on t h e  
compression test panel.  A requirement f o r  c o r e  s p l i c e  on l a r g e  
panels  would n e c e s s i t a t e  t h e  use of e i t h e r  t h i c k e r  facesk ins  o r  a 
l o c a l  bonded on doubler. Also, t h e  development panel exhib i ted  
mre o v e r a l l  panel warpage t h a t  w a s  considered d e s i r a b l e .  This  
problem w a s  solved by modifying t h e  FM-24 panel  cure  c y c l e  as 
shown i n  Fig. IV-39. The slower h e a t  up t o  maximum temperature 
r e s u l t s  i n  reduced thermal g r a d i e n t s  and consequently f l a t t e r  
f in i shed  panels.  The compress: *r. test  panel  and t h e  shear  test 
panel were cured using t h i s  L ; i . z ; e d  c u r e  cycle .  
of f l a t n e s s  dimension was re iuced from 0.152 c m  (0.060 in.) on t h e  
development panel  t o  0.023 cm (0.309 i n . )  on t h e  compression 
test panel.  
sandwich panels ,  without end attachment c a p a b i l i t y ,  was 2.52 kg/ 
in .2  (0.516 l b / f t 2 ) .  
(0.010 in . )  minimum Sac;,. aluminum and 20.0025 cm (kO.001 in . )  
chem-mill t d e r e n c e .  T,ie f i n i s h e d  cornpression and shear  test 
panels a r e  shown i n  Fig.  IV-40 and IV-41, r e s p e c t i v e l y  

The cleaning processes  used were those 
The development 

The maximum o u t  

The average measured weight of t h e  t h r e e  aluminum 

This is a t y p i c a l  panel weight f o r  0.025 c m  
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3. Aluminum Truss Fabr ica t ion  

The aluminum t r u s s  conf igura t ion  shown i n  Fig. IV-42 conta ins  tub- 
ular aluminum t r u s s  members mechanically fas tened  a t  t h e  j o i n t s  
using doubler p l a t e s  and b l i n d  cher ry  r i v e t  f a s t e n e r s .  
and o u t e r  sur faces  of t h e  t r u s s  are covered with t h i n  (0.010 cm) 
f i b e r g l a s s  c l o t h  s h e e t s  t o  provide meteoroid p r c t e c t i o n ,  The 
f langes  and webs of t h e  t r u s s  h o r i z o n t a l  and d i .  aonal  members are 
chemically mi l led  to  f i n a l  dimensions. 
was used during f a b r i c a t i o n  of  t h r e e  t r u s s  s e c t i o n s .  
components are a development panel (DP-ALUM-Truss), a compression 
test panel  (CP-Alum-Trtiss) and a shear  test panel  (SP-Alum-Truss). 
Basic t r u s s  components are v a r t i c a l  s t r i n g e r s ,  s e l e c t i v e l y  chem- 
mil led h o r i z o n t a l  frame6 and diagonal  s t i f f e n e r s ,  j o i n t  doubler 
p l a t e s  and b l i n d  cherrylock r i v e t s .  

The inner  

A set of d e t a i l e d  drawings 
The t h r e e  

a. DetaiZ Fabrication - The aluminum doubler  p l a t e s  were made 
from 0.127 cm (0.050 in . )  t h i c k  2014-T6 aluminum a l l o y .  Doublers 
were l a i d  o u t  by hand, c u t  and f i l e d  t o  s i z e .  
type was used as a d r i l l  template.  
e t e r )  were d r i l l e d  i n t o  t h e  template.  
stacked with t h e  template on top,  clamped and d r i l l e d .  

Then one of  each 
P i l o t  h o l e s  (0.040 i n .  diam- 

The remaining doublers  were 

A l l  tubular  d e t a i l s  were i n i t i a l l y  c u t  0.25 i n .  overs ize .  The 
v e r t i c a l  s t r i n g e r  tubes were simply trimmed a t  t h e  ends t o  f i n a l  
s i z e .  The h o r i z o n t a l  and diagonal members t h a t  required chem- 
m i l l i n g  were given a f l a s h  e t c h  i n  an a l k a l i n e  s o l u t i o n ,  water 
' r insed ,  submersed i n  an i r i d i t e  s o l u t i o n  f o r  10 minutes,  water 
r insed  and wiped dry.  Each tube was then plugged a t  one end with 
a s i l i c o n e  rubber plug t h a t  was expanded, onco, i n s i d e  t h e  tu5e,  
by sunpress ing  with two wing n u t s  on threaded rod. 
rubber plug with a s t a i n l e s s  steel vent  tube s e a l e d  t h e  o t h e r  end 
and was he ld  i n  p lace  with lead  tape. The sea led  tubes were indi -  
v idua l ly  dipped i n t o  a commercially a v a t l a b l e  maskbnt s o l u t i o n  
(organoceram) t h a t  was thinned with xzyl &:le. Depending on t h e  
thickness  of t h e  maskant, two o r  t h r e e  c o a t s  produced a f u l l y  
covered tube. Using a template,  maskant on t h e  s i d e s  t o  be chem- 
mil led t h e  deepest  was c u t  away. 
i n  a s t a i n l e s s  steel  i i x t u r e  as shown i I Pig. IV -43 ,  before  chem 
mi l l ing .  
s o l d t i o n  a t  358K (185°F) 3nd two s i d e s  of  each tube chem mil led.  
The chem m i l l i n g  rate was approximately 0.3015 . /minute (0.005 
in. /minute).  
expanding a i r  i n s i d e  t h e  tubes.  Thickness was checked p e r i o d i c a l l y  
during chem m i l l i n g ,  and when a thlcknese was reached e q u a l l i n g  t h e  
d i f f e r e n c e  i n  thickness  between the two s i d e s ,  t h e  maskarit on t h e  
f i n a l  two s i d e s  was c u t  avay. Chem m i l l i n g  proceded on a l l  four  
s i d e s  u n t i l  t h e  desFred chem m i l l  d e p t h  m s  reached. The cliem- 
milled d e t a i l s  showed a smooth f i l l e t  from t h e  chem mi l led  area h- 
to  the  o r i g i c a l  sur face .  A shallow, rounded r i d g e  ran lengthwise 
a t  the  tube corners  separa t ing  the  sides of t h e  tube.  

&\ s i l i c o n e  

A four  t J b e  assembly was mounted 

The tubes and f i x t u r e  were immersed i n t o  t h e  a l k a l h e  

The vent  t u b e s  provided an escape LoUte f o r  t h e  h o t ,  
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The chem m i l l e d ,  tube d e t a i l s  were then c u t  t o  f inal .  s i z e  as sk.awn 
i n  Fig.  IV-44. A l l  tubes  d e t a i l s  were aged t o  ::le -T81 condi t ion  
a t  433 +5K (320 2 !.O°F) f o r  18 h r .  

b. 
m i l l  w t t i n g  t a b l e  which provided a f l a t  s u i f a c e  and ? means of 
secur ing  d e t a i l  p a r t s  p r i o r  t o  a t tachment .  The doublers  a t  the  
ends of each long v e r t i c a l  s t r i n g e r  member were f i r s t  atC-. '-ed 
using a weld bond technique This process  involved spot  \ .elding 
through a t h i n  l a y e r  of ad..esive t o  produce a high s t r e n g t h  l i g h t -  
weignt j o i n t .  Each end of t h e  tube was f i r s t  ab ras ive ly  cleaneS 
and wiped wi th  a so lven t ,  on both t h e  i n s i d e  and outs ide .  The 
adhesive (Hysol ADX-347) was app l i ed  t o  t h e  ou t s ide  of each tube 
on both s i d e s .  Both doublers  ,-?r t h a t  j o i n t  were pos i t ioned  and 
c!.amped i n  place.  The spo t  wer l ing  was t t e n  perfam,;,'. 3s shown 
i n  Fsg. IV-45 on both doublers  a t  once us ing  a c . ,nr bar machined 
t o  f i t  t he  i n s i d e  of t h e  tube. The v e r t i c a l  m e a b e r s ,  sLrjngers, 
we&*e next  a l lgnzd  i n  t h e  f i x t u r e  and clamped i n  p lace .  '.!hi; Lr.,ur 
ho r i zon ta l  end d e t a i l s  were a l igned  wi th  the  clouhlers on 'he 
s t r i n g e r s ,  clamped i n  p lace  sild r i v e t e d .  The reFair.ing deLai l s  
were pos i t ioned ,  clamped i n  p l ace  and r i v e t e d .  A: ensure proper 
f i t - u p  between tube d e t a i l s ,  doublers  and r i v e t s ,  each end of 
eac" tube was marked i n  penc i l  wi th  a c e n t e r l i n e  and two p a r a l l e l  
gu ide l ines  0.508 cm (0.200 in . )  from t h e  s i d e  of t h e  tube.  Once 
the  tube was pos i t ioned  proper ly  a r d  clamped, t h e  l i n e s  could be 
seen through t h e  p i l o t  ho le s  i n  t h e  doubler .  The doubler was 
moved so t h a t  t he  middle p i l o t  ho le  was centered on t h e  c e n t e r  
l i n e  ai.d t h e  o u t e r  two ho le s  were between t h e  two p a r a l l e l  s i d e  
l i n e s .  1:i t h i s  r a y  the  as-fastened r i v e t  d id  no t  extend Olito t h e  
corner rad ius .  Once t h e  doublers  were f i t t e d  t o  a j o i n ' :  p i l c -  
ho le s  '.-:re d r i l l e d  throu6h the  doubler  i n t o  the  tube d e t a i l  p a r t .  
When enough ho le s  were d r i l l e d  t o  secu re  t h e  doubler  i n  p l ace ,  
"clico" clamps were i n s e r t e d  and t h e  ramciining yl . lot  h o l e s  d r i l l e d .  
The next  s t e p  was t o  d r i l l  f u l l  s ize  ho le s  0.51C cm (0.201 i n . )  i n  
diameter ,  i n s e r t  l a r g e  "c; .cos", removing the  smaller ones,  and 
f i u i s h  d r i l l i n g  a l l  ho le s  (Fig.  V I - 4 6 ) .  The doubler  was then 
removed and a l l  ho le s  f in i shed  t o  s i z e  using a 0.520 c m  (0.205 i n . )  
roamer. The ho le s  were deburred and the  su r faces  c leaned.  n e  
doubler wae repusitio1,ad using t h e  l a r g e  "c12cos" and the  t L v i i t 8  
atta:',led. The panel vas then taken ou t  of the  f i x t u r e  =nd -aimed 
t o  r i v e t  t h e  oppositc. s ide .  The panel  vas s h i w e d  i n  the  f i x t u r e  
as shown i n  Fig.  IV--47 so t h a t  the  r eve t  beads d id  not  touch t t e  
assembly t a b l e .  The same procedure was used t.3 f r n i s t i  the. second 
s i d e .  ,he completed panel was ulped with a so lvznt  and the  adhe- 
s i , e  cured i n  an oven a t  250°F ;o r  1 h r .  
withou,. f i b e r g l a s s  meteoroid p ro tec t ion  l aye r s  is shown i n  F ig .  

Panel Assembty - The panel  assembly t o o l  was s i m p l y  a modified 

The compression tes t  panel  

IV-48.  
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The c o n t r o l  panel was then radiographically inspected t5 evahuiare 
t h i s  NDE: method. The o n l y  defects that  were detectable were: the 
corc Amige areas of quadrant B .  An X-ray of this quadran& is 
shown in Fig. V-9. All four of ttie care defects indicated are 
readily detectable  using appropriate X-ray viewing equipment 

In conclusion, the results of the NDE study are very encouraging. 
A 1 1  of the included defects that would be expected to be of 
concern for  maintaining structural integr i ty  were detected by 
one or borh of the inspection techniques. 

Local Wall Buckling 

Severe Moderate 

Local Crushing Local Buckling 

B - C i i e  Damage 

Fig. V - 9  
X - R q  d 1~1inztrn NOP?cIJCOmb SanaZlich P a ~ e l  Quadrant 8, 
Core r=tamam? 
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4. Sandwich Panel Damage Resistance 

5 .  

Although a r igorous  prograa! of damage s e n s i t i v i t y  and damage ef-  
f e c t s  was not  included wi th in  t h e  scope of t h i s  probram, an  over- 
a l l  "feel"  f o r  t h e  r e l a t i v e  merits of t h e  s t r u c t u r a l  concepts  
f a b r i c a t e d  was developed over t h e  course of work. 
sandwich panels  us ing  1/8-5052-0.0007-3.1 aluminum hexcel  core 
with many d i f f e r e n t  t h i n  facesk in  materials were a l l  very  sus- 
c e p t i b l e  to "denting" from a r e l a t i v e l y  low energy impact. I f  
t h i s  dent ing  causes a s i g n i f i c a n t  reduct ion i n  load-carrying 
c a p a b i l i t y  i t  may b e  necessary t o  do any o r  a l l  of t h e  following: 
(1) reduce design al lowables;  (2) cse s p e c i a l  handling and f a b r i -  
c a t i o n  techniques; o r  (3) add a nonload-carrying damage protec-  
t i o n  s u r f a c e  t o  t h e  panels .  

The honeycomb 

Analy t ica l  Capabi l i ty  

An e x i s t i n g  computer program, HOLBOAT, which c a l c u l a t e s  t h e  c r i t -  
i ca l  buckling load of an  a n i s o t r o p i c  c y l i n d r i c a l  s h e l l  under 
combined loading, was expanded t o  inc lude  c y l i n d e r s  s t i f f e n e d  
with d i s c r e t e  s t r i n g e r s  and frames. A u s e r ' s  manual w a s  a l s o  
w r i t t e n  and submitted t o  NASA-MSFC along with copies  of t h e  com- 
puter  program. 
inexpensive a n a l y t i c a l  test f o r  f l i g h t  hardware design.  

The modified program provides  a very versatile, 

6 .  Sandwich Panel Nondestructive Evaluation (NDE) 

Ult rasonic  eva lua t ion  and radiographic  examination of a "control" 
sandwich panel provided encouraging prel iminary r e s u l t s  f o r  NDE 
of l ightweight  sandwich panels .  
tlia caused l a c k  of adhesive bond were de tec ted  by u l t r a s o c i c  in- 
spect ion.  I r r e g u l a r i t i e s  i n  t h e  aluminum honeycomb c o r e  were 
easily de tec ted  b ':-ray. 

A l l  of t h e  included imperfect ions 

B. RECOMMENDATIONS 

Lightweight structure technology has been enhanced through 
successfu l ly  completion of t h i s  c o n t r a c t .  The s u c c e s s f u l  con- 
c lus ion  of t h i s  work a l s o  c l a r i f i e s  t h e  next s t e p s  necessary i n  
proceeding toward f l i g h t  hardware f a b r i c a t i o n .  Recommendations 
f o r  f u t u r e  work aimed a t  f u l l  v e r i f i c a t i o n  of l igh tweight  Space 
Tug s t r u c t u r e s  a r e  summarized. 
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1. Structural Damage and Aenociated Reliability 

2. 

The structural panels fabricated and tested to date have been of 
relatively small size and have been handled very carefully to 
minimize damage so that maximum strength could be achieved. 
problem inherent in the lightweight structures required for Space 
Tug is that they are more susceptible to damage than conventional 
aerospace atructures. It is recommended, therefore, that a test 
program be initipted that investigates the susceptibility of the 
candidate structural designs to damage, the effects of damage on 
the ultimate strength, and methods and efficiency of damage 
repair techniques. 

A 

Qi tal i t y Assurance Me thods 

Achieving hign reliability flight hardware will require methods 
aimed at verifying structural integrity of the finished product. 
This will include nondestructive evaluation (NDE) of structural 
components using methods consistent with the situctural concept 
involved. This may include, for example, ultrasonic C scans of 
bonded structures, such as honeycomb sandwich panels. It is 
recommended, therefore, that a program be initiated to investi- 
gate methods of verifying the structural integrity of fAUiSbd 
structures without causing degradation. 

3. Honeycomb Sandwich Panel Closeouts 

Investigation of lightweight methods of efficiently attaching 
honeycomb sandwich panels and introducing loads was not incladed 
under the original format of this contract. This presents a 
special problem for lightweight sandwich construction using 
minimum gage materials because of manufacturing tolerances and 
criticality of relatively small geometrical mismatch. It is 
recommended, therefore, that a design, fabrication, and test 
program be initiated that is aimed at developing minimum wcight, 
reliable, attachment methods for sandwich panels with aluminum 
and graphite/epoxy faceskins. 

4. Structural Design Computer Program 

The modified HOLBOAT buckling analysis computer program provides 
a general tool for the prediction of overall buckling of large, 
stiffened cylindrical shells under combined loading. 
analysis tool can be incorporated into a design computer program 
that fully designs a cylindrical shell structure. 
program would handle a wide variety of stiffener geometries and 
would incorporate realistic design information, such as material 
minimum sages and experimental buckling reduction factors. The 
general design scheme would be an iterative approach balancing 
overall and local stability using the input design information, 

Tnis 

The design 
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5 .  

such as load d i r e c t i o n  and magnitude, material types and p r o p e r t i e s ,  
sk in ,  s t r i n g e r ,  and frame type,  or g’neral  shape and geometr ical  
r e s t r a i n t s .  
program and an  appropr i a t e  u s e r ’ s  manual be  developed t o  a i d  i n  
r ap id ,  low-cost pre l imina ly  design t r a d e  s t u d i e s  as w e l l  as f i n a l  
design. 

I t  i s  t h e r e f o r e  recommended t h a t  t h i s  des ign  computer 

Fabr ica t ion  and Test of F u l l  S i z e  S k i r t  

The f e a s i b i l i t y  of achieving Space Tug body s t r u c t u r a l  weight 
wi th in  requi red  l i m i t s  has been demonstrated through successfu’ 
work under t h i s  con t r ac t .  I n  g e n e i d ;  t h e  o r i g i n a l  concern was 
the  excedingly l i g h t  weight of candida te  s t r u c t u r a l  concepts and 
the  r e s u l t i n g  d i f f i c u l t y  with u l t r a t h i n  material- gage, geometr ical  
t o l e rance  c o n t r o l ,  damage s e n s i t i v i t y ,  and f , b r i cab i l i t y .  Work 
during Phase I i d e n t i f i e d  many s t r u c t u r a l  conf igura t ions  with 
p o t e n t i a l  of s a t i s f y i n g  t h e  design goa ls .  
par.els represent ing  t h e  lead ing  candida tes  were f a b r i c a t e d  and 
t e s t e d  t o  a i d  i n  fur the ,  screening.  Three of t h e  conf igura t ions  
evaluated dur ing  Phase I were se l ec t ed  f o r  f u r t h e r  eva lua t ion  
dur ing  Phase 11. 
compression panels  and 0.95x0.95 m (3x3 f t )  shear  pane ls  pro- 
vided manufacturing f e a s i b i l i t y  information and f u r t h e r  v e r i f i e d  
the  pred ic ted  f u l l - s c a l e  s k i r t  s t r u c t u r a l  weight. 

Reln t ivc ly  small 

Fabr ica t ion  and test rlf 1.83x0.95 m (6x3 f t )  

The next l o g i c a l  s t e p  i n  the  deve!.opment of l igh tweight  s h e l l  
s t r u c t u r e  f o r  Space Tug i s  t h e  f a b r i c a t i o n  and test  of a f u l l  
size s k i r t .  This s k i r t  would conta in  t y p i c a l  access  doors t o  
demonstrate door design techniques and v e r i f y  proposed a n a l y s i s  
methods. The f u l l  s i z e  s k i r t  would a l s o  provide information on 
attachme3t methods, manufactJ-ing handl ing techniques,  real 
t o l e r a x e s ,  and final assemble too l ing .  
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Basic S i  Uni t s  

Phys ica l  Concept 

Length 

Hass 

Time 

Force 

Thermodynamic Temperati 

Density 

re 

Heasurement 

meter 

kilogram 

second 

Newton 

degree Kelvin 

kilograms/meter 

Abreviat ion  

m 

kg 
sec 

N 

O K  

k g h 3  

P r e f i x e s  I 
Factor  By Which Unit Is 
Mu1 t i p l i e d  

106 

103 
102 

10-1 

10-3 

10-6 

10 

P r e f i x  

mega 
k i l o  

hec to  

deca 

d e c i  

c e n t i  

m i l l i  

micro 

Symbol I 
M 

k 

h 

da 

d 

C 

m 

Li 1 
Conversion Fac tors  

TG Convert From 

Cels ius  (temp) 

Fahrenheit (temp) 

foo t  

inch 

2ound mass (lbm avoi rdupois )  

pound mass f o r c e  ( l b f )  

lbm/inch3 

PS i 

To 

Kelvin 

Kelvin 

meter 

meter 

k i log  r am 

Newton 

k i logram/me t e r 

Newton/meter' 

Multiply By 

tK = t + 273.15 

3.048 x lo-' 
2.54 x lo-' 
4.536 c 10-1 

4.44822 

2.768 x lo4  
6.895 x lo3 

c 
= (5/9)  ( t F  + 459.67) 

t K  

A- 1 


